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Electromagnetic (EM) interference (EMI) “an off-shoot of explosive growth of electronics and telecommunications” is 
becoming an alarming issue for modern society. It may degrade the EM device performance or may adversely affect human 
health. Recently, polymer based blends and composites have emerged as powerful solution for efficient suppression of EM 
noises; thanks to the unique combination of electrical, thermal, dielectric, magnetic and/or mechanical properties, possessed 
by them. This review focuses on the basics of EMI shielding/microwave absorption, various techniques for measurement of 
shielding effectiveness, theoretical aspects of shielding, governing equations. In addition, different strategies and potential 
materials for handling of EMI have also been discussed with special reference to polymer based blends and composites 
especially those based on carbon nanotubes (CNTs), graphene and intrinsically conducting polymers (ICPs). 
Keywords: Electromagnetic interference (EMI) shielding, Shielding effectiveness, Reflection loss, Absorption loss, 
Microwave absorption, Conductivity, Intrinsically conducting polymers (ICPs), Carbon nanotubes (CNTs), 
MWCNTs, SWCNTs, Graphene, Nanocomposites, Complex permittivity and permeability 
1 Introduction 
Electromagnetic interference (EMI) is an offshoot 
of explosive growth of electronics which may degrade 
the device performance and may even adversely affect 
the human health1–3. The arrival of nanotechnology 
and miniaturization of chips/devices has further 
aggravated the EMI issue as mutual interference 
among device’s components or chip elements can 
produce microscopic interference effects2. The most 
common instances of EMI from everyday life are 
cross-talking of our laptop screen or conference room 
wireless microphones with mobile-phone signals 
producing picture flicker or noise distortion4. Due to 
EMI problems; use of mobile phone is prohibited 
onboard or inside premises of hospitals or defence 
bases4–7. This necessitates the development of suitable 
countermeasures to suppress (or eliminate) EMI 
effects. Basically, there are three main mechanisms 
for EMI shielding viz. reflection, absorption and 
multiple reflection1,8,9. Among them reflection, is 
identified as primary EMI shielding mechanism for 
which the shield must contain mobile charge carriers 
(e.g., electrons or holes that can be provided by 
metallic, carbon or conducting polymer based 
materials). The secondary EMI shielding mechanism 
is absorption for which shield should possess electric 
and/or magnetic dipoles (that can be provided by high 
permittivity or permeability materials, e.g., BaTiO3 or 
Fe3O4) which can interact with the electric or 
magnetic fields in the EM radiation. The tertiary 
mechanism is multiple reflection, which is facilitated 
by high interfacial area (e.g., for porous 
materials)2,3,10–16. Hence, continued efforts have been 
made over past two decades to eliminate or suppress 
EMI via different strategies and variety of materials 
including metals, carbon based materials, conducting 
polymers, dielectric/magnetic materials2,6,9,11,16–41. 
However, despite being so much progress, still a lot to 
be done to realize the theoretically predicted shielding 
performance of a materials and to meet the other 
design considerations. Therefore, before selecting or 
designing a shielding material, basic understanding of 
shielding theory becomes absolutely essential.  
 
2 EMI Shielding Phenomenon: Mechanisms and 
Mathematical Expressions  
The efficiency of EM shield is expressed in terms 
of quantity called “Shielding Effectiveness (SE)” that 
can be expressed as4,8,9,11,42,43: 
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where PI (EI or HI) and PT (ET or HT) are the  
power (electric or magnetic field intensity) of incident 
and transmitted EM waves respectively. In  
actual practice, three different phenomenon named 
reflection (SER), absorption (SEA) and multiple 
reflections (SEM) contribute towards SET (i.e. 
T R A MSE  SE SE SE   ) which can be theoretically 
expressed as1,2,10,43:  
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where σT is the total conductivity, ω is the angular 
frequency, εr is relative permittivity, µr is relative 
permeability referred to free space (εo) and δ is skin 
depth (the distance required by the wave to be 
attenuated to 1/e or 37%). The above expression 
shows that SER is a function of the ratio of 
conductivity (σ) and permeability (µ) of the shield 
material, i.e., quantity (σ/μ) whereas SEA is related to 
the product of µ and σ, i.e., quantity (σ.μ)2,6,7,41,44. 
Further, it can be seen that SEM is closely related to 
absorption loss (SEA) and can be neglected ( 0MSE  ) 
in all cases where SEA is ≥ 10 dB2,14,44 which is 
generally the case at very high frequencies (~GHz or 
high). Experimentally, shielding is measured using 
instruments called network analyzer9 (NA) that can 
measure magnitude and/or phase of the 
incident/transmitted signals. The incident and 
transmitted waves in a two port vector NA (VNA), 
can be expressed in terms of complex scattering 
parameters (or S-parameters), i.e., S11 (or S22) and S12 
(or S21), respectively. The reflectance (R) and 
transmittance (T) can be expressed as: T = |ET/EI|2 = 
|S12|2 = |S21|2, R = |ER/EI|2 = |S11|2 =|S22|2, giving 
absorbance (A) as: A = (1-R-T). The intensity of the 
EM wave inside the shield after primary reflection is 
based on quantity (1-R) so that effective absorbance 
{Aeff=[(1-R-T)/(1-R)]} can be defined and reflection 
and absorption losses can be expressed as4,10,26,43,44:  
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Therefore, from the measured S-parameters, VNA 
automatically compute ‘R’ and ‘T’ that leads to 
estimation of reflection and absorption loss 
components of total shielding effectiveness. The 
electromagnetic attributes of a shield like complex 
permittivity [ *  = ( ' – j " )] and permeability  
[ *  = ( ' – j " )] can be retrieved from the 
experimental S-parameters [S11 (or S22) and S21  
(or S12)] using suitable algorithms and models viz. 
Nicolson-Ross-Weir (NRW), NIST iterative,  
New non-iterative, Short circuit line (SCL) 
techniques2,4,11,42,45,46. The parameter ' or r   
(real permittivity) represents the charge storage  
(or dielectric constant) whereas "  (imaginary 
permittivity) is a measure of dielectric dissipation or 
losses. Similarly, '  (or r ) and " represent 
magnetic storage and losses, respectively.  
 
3 Materials for EMI Shielding 
It is clear from previous discussions that realization 
of efficient EMI shielding action requires balanced 
combination of electrical conductivity (σ), dielectric 
permittivity (), magnetic permeability (µ) and 
morphology (e.g., porous structure) to introduce 
reflection, absorption and multiple reflection 
losses6,8,9. Metals are by far the most common 
materials for EMI shielding owing to their high 
electrical conductivity.  
However, they are suffered from 
problems5,9,10,15,37,53,65 such as high reflectivity, 
corrosion susceptibility, weight penalty and 
uneconomic processing. In this consideration, 
polymer based blends and composites have attracted 
enormous attention due to unique combination of 
electrical, thermal, dielectric, magnetic and/or 
mechanical properties useful for efficient 
electromagnetic shielding response. Therefore, in the 
recent past a large number of polymer composites 
have been prepared for electromagnetic applications 
(Table 1) using various fillers (e.g., conducting 
polymers, carbon nanotubes (CNTs) and graphene 
based materials) and polymer matrices2,4,5,8–12,14,16–18, 
25–27,32,35,37,37,39,41,47–50,53–59,61–63,63–73.  
 
3.1 Carbon nanotubes (CNTs)  
In the recent past, CNTs (single wall carbon 
nanotubes (SWCNTs) or multiwall carbon nanotubes 
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(MWCNTs))   have  emerged  as  promising  filler  for  
making polymer composites, due outstanding 
properties such as metallic electrical conductivity, 
excellent corrosion resistance and low density along 
with ultra high strength /modulus and thermal 
conductivity2,5,9,14,29,36,38,48,74–82. In particular, higher 
intrinsic conductivity (104-106 S/cm) and aspect ratio 
(length/diameter ratio) of CNTs (100-5000) compared 
to other carbon based fillers (e.g., carbon black, 
graphite, carbon fiber), permit the realization of 
conductivity (in nanocomposites) at much lower 
loadings (very low percolation threshold)2,74–77,79. 
Accordingly, the formation of continuous networks of 
CNTs within matrix also leads to improvement in 
electrical and mechanical properties alongwith 
superior EM response at the same loading 
level9,10,12,20,25,27,36,44,47–49,51–53,83. Further, due to low 
percolation threshold of CNTs and comparatively less 
loading levels required for EMI, the bulk physical 
properties of polymer matrix are not disturbed to an 
Table 1 – EMI shielding performance of CNTs, graphene and ICPs based composites. 
Materials Filler content  EMI SE (dB) Band Thickness (mm) Reference 
MWCNT/PS 7 wt% ~19 8.2-12.4 GHz 1.2 5 
MWCNT/flurocarbon  12 wt% ~42-48 8.2-12.4 GHz 3.8 22 
MWCNT/poly(ε-caprolactone) 2 wt% ~60-80 25-40 GHz 20 33 
MWCNT/PP 7.5 vol% ~35 8.2-12.4 GHz 1.0 20 
MWCNT/PC 5 wt % ~25 8.2-12.4 GHz 1.85 47 
SWCNT/epoxy 15 wt% ~15-49 10 MHz-1.5 Ghz 1.5 48 
SWCNT/epoxy 15 wt% ~20-30 8.2-12.4 GHz 2.0 22 
SWCNT/PU 20 wt% ~17 8.2-12.4 GHz 2.0 12 
Fe-MWCNT/epoxy 10 wt% ~32 13.2 GHz 1.0  49 
MWCNT/epoxy 8 wt % ~60-90 4-26 GHz 2.0 50 
MWCNT/SMP 6.7 wt % ~32-39 
~42-56 
~52-69 
8-26.5 GHz  
33-50 GHz  
50-75 GHz 
3.0 51 
Fe-MWCNT/PMMA 40 wt % ~27 50MHz-13.5 GHz 0.06-0.165 52 
PTT/MWCNT 10 wt% ~36-42 12.4-18.0 GHz 2.0 53 
f-MWCNT/PVDF 7 wt% ~18 8.2-12.4 GHz 1.0 117 
LDPE/MWCNT 10 wt% ~23 12.4-18.0 GHz 1.65 54 
Graphene/PDMS ~0.8 wt% ~28-33 
~21-25 
30 MHz-1.5 GHz 
12.4-18.0 GHz 
1.0 55 
Fe3O4@graphene/polyetherimide 10 wt% ~14-18  8-12 GHz 2.5 56 
Graphene/PMMA 5 wt% ~13-19 8.2-12.4 GHz 2.4 16 
Graphene/epoxy 15 wt% ~21 8.2-12.4 GHz NM* 57 
Graphene/PVDF  7 wt% ~21 
~28 
1-8 GHz 
8-12 GHz 
NM* 58 
PPY/EVA 25 wt % ~30 1-300 MHz 3.2 59 
PPY/PE 14 wt% ~35-55 10 kHZ-1 GHz 0.1 60 
PPY/PU 25 wt% ~15-25 10 kHZ-1 GHz 0.5 60 
P3OT/PVC 20 wt% ~47 100 kHZ-1 GHz 3.0  61 
P3OT/PS 20 wt% ~43 100 kHZ-1 GHz 3.0  61 
P3OT/EVA 20 wt% ~50 100 kHZ-1 GHz 3.0  61 
PANI/Polyacrylate 65 wt% ~30-79 14 kHZ-1 GHz 0.075 62 
PANI/PVC 30 wt% ~70 1 MHz-3 GHz 3.2 11 
PANI-DBSA/epoxy 38 wt% ~30-60 100 MHz-1 GHz 1.3 63 
PANI/PU 10 wt% ~10-27 8.2-12.4 GHz 1.9 13 
PANI/SAN 40 wt% ~50-70 50 MHz-12.4 GHz 0.615 64 
PANICN/EVA 15 wt% ~40-80  8 GHz 2.0 32 
PANI-MWCNT/PS 7 vol % ~23 8.2-12.4 GHz 1.0  14 
PANI-MWCNT/PS 30 wt % ~46 12.4-18.0 GHz 2.0 44 
*NM : Not Mentioned 
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extent to exert any harmful effect on mechanical 
properties of resultant nanocomposites. Therefore, 
CNTs have shown definite potential for developing 
light-weight and mechanically strong EMI  
shielding materials. In the past, several systematic 
studies have been reported on the electrical and  
EMI shielding properties of CNT-polymer 
composites2,5,12,14,20,36,39,44,48,49,52–54,78.  
Li et al.48 fabricated SWCNT-epoxy composites 
and demonstrated the effect of wall defects and aspect 
ratio of SWCNTs on the EMI SE performance in the 
10 MHz to 1.5 GHz range. At 15 wt% SWCNT 
loading, the SE (Fig. 1, left image) touched 49 dB at 
10 GHz and 15-20 dB in the 500 MHz to 1.5 GHz 
range.  
It was observed that composites based on 
SWCNTs-long (having higher SWCNT bundle aspect 
ratios) display higher conductivities and better EMI 
shielding performances (Fig. 1, right image) under 
same loading compared to SWCNT-short composites. 
It has also been demonstrated that high-temperature 
annealing of SWNTs in inert gas or vacuum can 
remove wall defects leading to improved EMI SE 
value compared to unannealed CNT (SWCNT-short) 
based composites.  
Huang and coworkers25 have evaluated the EMI 
shielding performance (in the 8.2-12.4 GHz frequency 
range) of the epoxy composites based on three 
different types of SWCNTs (short, long and 
annealed). It was observed that long-SWCNT–
polymer composites (15 wt % loading) possess high 
real permittivity (polarization, ε′) as well as imaginary 
permittivity (adsorption or electric loss, ε″), indicating 
that such composites could be used as electromagnetic 
wave absorbers, e.g., for cell phone electronic 
protection48. The complex permittivity spectra of the 
composites containing 0.01 – 15% of long-SWCNTs 
Fig. 2(a and b) shows that the real (ε′) and imaginary 
(ε″) permittivity increase dramatically as the 
concentration of the SWCNTs increases from 0.01 to 
15 wt%. The highest values of the real and imaginary 
permittivity parts for the composite with 15% 
SWCNT loading reach 67 and 76, respectively.  
It was also found that composites based on long 
SWCNTS display better shielding performance  
Fig. 2(c and d) compared to short-SWCNT 
composites, with absolute values of 17-18 dB and 23-
30 dB, respectively.  
The direct effect of filler aspect ratio, loading level 
and sample thickness on experimental SE along-with 
theoretical studies was shown by Al-Saleh et al.20 
taking polypropylene (PP)/MWCNT system. They 
reported that SE (in 8.2-12.4 GHz frequency range) of 
composite plates (1.0 mm thick) made up of 7.5 vol% 
MWCNT/polypropylene (PP) nanocomposite was 
almost double (-35 dB) than 7.5 vol% carbon-black 
(CB)/PP composite (-18 dB). The experimental results 
showed the involvement of absorption and reflection 
as major shielding and secondary shielding 
mechanism, respectively. The modeling results 
demonstrated that multiple-reflection within MWCNT 
internal surfaces and between MWCNT external 
surfaces decrease the overall EMI SE. The EMI SE of 
MWCNT/PP composites increased with increase in 
MWCNT content and shielding plate thickness. 
 
 
Fig. 1 – EMI shielding effectiveness (plots labeled A-D) for 
SWNT-polymer materials (wt % 3-15) studied in this work 
(10 MHz to 1.5 GHz). Plots labeled E-H are higher frequency data 
on MWNT-based material presented for comparison: E, MWNTs 
in PS; F, MWNTs in PMMA; G, MWNTs in epoxy resin and the 
value of the y axis for G is the reflection loss; H, MWNTs in 
silica. Impact of wall integrity and aspect ratio on the EMI 
shielding effectiveness of the composites containing 10 wt % 
SWNTs. Reproduced from reference48 Copyright (2006) 
American Chemical Society. 
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Mahmoodi and coworkers47,68 investigated the effect 
of processing method the SE values of 5 wt. % 
polystyrene (PS)/CNT and polycarbonate(PC)/CNT 
composites. They found the SE values of ~12 dB and 
~ 17 dB for PS/CNT composites prepared by injection 
and compression molding techniques respectively, 
and SE~ -25 dB for injection molded PC/CNT 
sample. They correlated these results with orientation 
and dispersion effects of CNTs.  
Liu et al.12 achieved only 17 dB attenuation even at 
20 wt% MWCNTs loading in polyurethane matrix. 
Kim et al.52 studied EMI shielding properties of 
MWCNT/PMMA composites in the range 50 MHz - 
13.5 GHz and reported up to 27 dB shielding 
effectiveness at a high (40 wt%) loading of MWCNT. 
The contribution of absorption to the total EMI SE 
was more than that of reflection that was attributed to 
the presence of iron in the internal cavity of 
MWCNT.  
Singh et al.54 prepared high aspect ratio multi-
walled carbon nanotubes (MWCNTs) reinforced low 
density polyethylene (LDPE) composites with 
average value of EMI-SE reaches ~23 dB for 10 wt% 
MWCNT loading. Gupta et al.84 synthesized 
poly(trimethylene terephthalate) [PTT]/multiwalled 
carbon nanotube [MWCNT] with SE of ~23 dB for 
the composite having 4.76 vol% MWCNT loading. It 
has also been observed that, as the loading level of the 
filler increases both electrical conductivity as well as 
dielectric properties show improvement, leading to 
proportionate enhancement of absorption and 
reflection loses (Fig. 3(a)). Several attempts have also 
been made to enwrap (surface coating involving 
physical interaction)9,14,44,78,81 the CNTs with 
polymeric materials leading to better CNT dispersion 
along-with improved dielectric properties and 
enhanced microwave absorption response.  
Saini et al.44 loaded (10, 20 and 30 wt. %) 
polyaniline (PANI) coated multiwall carbon 
nanotubes (MWCNT) in polystyrene matrix and 
found that the percolation threshold was only 0.5 wt 
% and total shielding (SET) increases (Fig. 3(a)) with 
increasing MWCNT content as well as sample 
thickness, reaching a maximum value of 45.7 dB. The 
reflection loss (SER) was found to increase slightly 
from 1.5 to 4.8 dB (Fig. 3(b)) with the increase in 
weight fraction of PANI-MWCNT that was ascribed 
to increase in the conductivity. On the other hand, 
absorption loss (SEA) exhibited rapid enhancement 
from 9.4 to 19.2 dB with the increased PANI-
 
 
Fig. 2 – Complex permittivity spectra of the composites using ‘‘long- SWCNTs’’ with loading from 0.01 to 15 wt% (a & b). EMI 
shielding effectiveness for SWCNT (0.01–15 wt%)-epoxy composites containing long and short SWCNTs (c & d). Reproduced from 
reference25, Copyright (2007) Elsevier. 
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MWCNT loading. The results confirmed that the 
observed SET values were dominated by absorption. 
Hybrid approach where CNT decorated fillers such as 
carbon fibers/cloth is used as multi-scale conducting 
reinforcement has also been adopted to fabricate 
composites with improved electrical, thermal  
and electromagnetic response (~51 dB for CF-
MWCNT/epoxy multiscale composites)85. Besides, 
high CNT content (>50 wt%) yet mechanically strong 
(tensile strength~2088 MPa, modulus~169 GPa) CNT 
nanocomposites have also been prepared86 by 
adopting a simple mechanical stretching and pre-
pregging (pre-resin impregnation) processes on 
initially randomly dispersed, commercially available 
sheets of millimeter-long MWNTs that leads to 
substantial alignment enhancement, good dispersion, 
and unprecedentedly high electrical conductivity 
(5500 S/cm). It is important to highlight that  
different researchers have reported different 
percolation/conductivity/EMI shielding values even 
for the same matrix polymer. These observations 
suggest that SE of CNT filled polymer 
nanocomposites depends on many factors including 
fabrication techniques, type of CNT, level of 
dispersion and nature of host matrix9.  
Recently, buckypaper (BP) composites (more than 
50 wt% loading of nanotubes in BP composite 
without losing the mechanical properties) have been 
prepared by resin infiltration technique87. Unlike other 
CNT composites, BP composites can achieve a high 
concentration of CNTs and high conducting 
nanotubes networks to further improve EMI shielding 
effectiveness (SE). Nanocomposite laminates 
consisting of various proportions of single-walled and 
multi-walled carbon nanotubes, having different 
conductivities, and with different stacking structures, 
were studied. Single-layer BP composites showed 
shielding effectiveness (SE) of 20-60 dB, depending 
on the BP conductivity within a 2–18 GHz frequency 
range. The results were also compared against the 
predictions from a modified EMI SE model. The 
predicted trends of SE value and frequency 
dependence were in consistent with the experimental 
results, revealing that adjusting the number of BP 
layers and appropriate arrangement of the BP 
conducting layers and insulators can increase the EMI 
SE from 45-100 dB owing to the utilization of the 
double-shielding effect. 
Saini et al.14 have prepared PANI-MWCNTs/PS 
composites which were fabricated by solution 
processing route using non-covalently functionalized 
(PANI coated) MWCNTs. These composites exhibit 
an extremely low percolation threshold (0.12 vol.% 
MWCNT) along with micro porosity and are found to 
have potential applications in the areas of 
electromagnetic interference (EMI) shielding and 
electrostatic dissipation (ESD) with an ESD time of 
0.78 s and shielding effectiveness of 23.3 dB (>99 % 
attenuation). The EMI shielding (Fig. 4(a)) was found 
to be dominated by absorption (18.7 dB) with a 
nominal contribution from reflection (4.6 dB) that can 
explained in terms of multiple internal reflection 
phenomenon (Fig. 4(b)) driven by high conductivity 
and the porous structure. 
Yang et al.5 studied the EMI shielding behavior of 
MWCNT/PS foamed nanocomposites and achieved 
SE of ~ 20 dB at 7 wt % MWCNT loading. The EMI 
SE measurements indicated that such foam 
composites with specific SE be 33.1 dB.cm3/g (which 
is much higher than that of typical metals (compared 
to 10 dB.cm3/g for solid copper)2,66 can be used as 
very effective, lightweight shielding materials.  
 
 
Fig. 3 – (a) Frequency dependence of SET and (b) variation of SER and SEA with loading of PANI-MWCNT. Inset shows the theoretical 
and experimental SER and SEA value of the composite (PCNT30) in the 12.4-18.0 GHz frequency band. Reproduced from reference44, 
Copyright (2011) Elsevier. 
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3.2 Graphene 
Recently, nanoscale materials based on 
single/multi-layered 2-D graphene sheets have 
attracted much attention recently due to unusual 
properties2,88–91. Graphene is known as thinnest  
(one carbon atom thick) yet strongest material  
(on the basis of specific strength) compared to other 
carbon allotropes (graphite, carbon fibers, fullerenes, 
CNTs etc.) or conventional metals. In addition, 
graphene also possesses exceptional electrical  
and thermal properties making it promising  
candidate for electronics and EMI shielding 
applications2,9,16,55,88,89,91,92. Recently with the 
identification of methods for handing graphene, 
several attempts have also been made to utilize the 
fascinating and promising properties of these 
individual graphitic sheets by formation of graphene 
based nanocomposites2,9,16,57,58,88–91,93, particularly  
for electrical and electromagnetic shielding 
applications2,9,16,55–58. Like CNTs, here again it is 
expected that the use of graphene, with large aspect 
ratio and high conductivity would provide a high  
EMI SE.  
Liang et al.57 fabricated composites based on 
graphene sheets by incorporating solution-processable 
functionalized graphene (SPFG) into an epoxy matrix, 
and their EMI shielding was studied in (Fig. 5(a)). 
The composites show a low percolation threshold of 
0.52 vol %. EMI shielding effectiveness was tested 
over a frequency range of 8.2–12.4 GHz (X-band), 
and 21 dB shielding efficiency was obtained for  
15 wt% (8.8 vol.%) loading, indicating that they may 
be used as lightweight, effective EMI shielding 
materials. 
Eswaraiah et al.58 have prepared functionalized 
graphene (f-G)- polyvinylidene fluoride (PVDF) 
nanocomposites investigated their and electrical 
conductivity and electromagnetic interference (EMI) 
shielding efficiency as a function of mass fractions of 
f-G. An EMI shielding effectiveness of ~20 dB  
(Fig. 5(b)) was obtained in X-band (8–12 GHz) region 
and ~18 dB in broadband (1–8 GHz) region for 5 wt. 
% composite. The authors reported the reflectivity 
(R), transmissivity (T), and absorptivity (A) are 0.78, 
0.01, and 0.21, respectively, for the PVDF composite 
containing 5 wt.% of f-G and the reflectivity increases 
from10 to 80% with the increase in mass fraction of  
f-G from 1 to 5 wt.-%. It was also concluded that such 
f-G/PVDF composites were more reflective and less 
absorptive to electromagnetic radiation in both  
X-band and broadband frequencies, i.e., the primary 
EMI shielding mechanism of such composites was 
reflection rather than absorption.  
Zhang et al.16 prepared graphene-PMMA 
nanocomposites with much lower percolation (0.52 
vol.%. graphene) compared to that of the bulk 
nanocomposites. These nanocomposites (1.8 vol % 
loading) not only exhibited a high conductivity of 
3.11 S/m, but also a good EMI shielding efficiency of 
13 to 19 dB at the frequencies range of 8 to 12 GHz. 
The above results correspond to specific EMI 
shielding effectiveness (EMI shielding efficiency 
divided by density) of 17-25 dB cm3/g.  
Ling and coworkers94 have prepared 
polyetherimide (PEI)/graphene nanocomposites foams 
with specific electromagnetic interference (EMI) 
shielding effectiveness from 17 to 44 dB.cm3/g (Fig. 
5(c)), much better compared to other graphene based 
 
 
Fig. 4 – (a) Variation of reflection (SER) and absorption (SEA) losses with MWCNT loading and magnified SEM image (inset) showing 
dispersed CNTs and voids and (b) schematic representation of radiation shield interaction and involved multiple internal reflection (MIR) 
phenomenon. Reproduced from reference14, Copyright (2013) Springer. 
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systems (Fig. 5(d)). The detailed investigation of 
shielding mechanism of graphene based foamed 
composites revealed that increase of graphene content 
leads to the improvement of both reflection as well as 
absorption loss, e.g., PMMA/graphene nanocomposite 
foam with 1.8 vol % graphene sheets display SER, 
SEA and SET values of 1, 18, and 19 dB, respectively 
(Fig. 6(a and b)), which revealed the relative 
dominance of absorption16. However, it is important 
to point out that reflection is found to be the major 
contributor to EMI shielding by CNF- and CNT-filled 
polystyrene foams as well as CNT-filled epoxy and 
polyurethane nanocomposites3,5,9,12,25,62.  
 
3.3 Intrinsically conducting polymers 
Intrinsically conducting polymers (ICPs) are 
another extremely important alternative for electrical 
and EMI shielding applications2,8–10,13,19,30,34,41,60,65–
67,73,95–97. These materials combine moderate 
conductivity, good compatibility and ease of 
processability (as compared with carbons) with low 
density (~ 1.1–1.3 g/cm3 compared to metals, e.g., 8.9 
g/cm3 for copper) and corrosion resistance (compared 
to metals)4,96,98–106. The intrinsic conductivity of 
conjugated polymers in the field of microwave 
absorption (100 MHz to 20 GHz) makes them viable 
materials. In particular, dependence of their 
conductivity on frequency, many ideas have been 
attempted to adapt these phenomenon to microwave 
applications2,9,10,30,32,96,97,107,108. The unique properties 
like tunable conductivity (between insulating and 
metallic limits), adjustable permittivity/permeability 
via synthetic means, low density, non-corrosiveness, 
nominal cost, facile processing (melt or solution), and 
controllable electromagnetic attributes, further 
strengthen their candidature as futuristic shielding 
materials4.  
The first systematic study of EMI shielding 
behavior of conducting polymer (PANI) based 
thermoplastic blends was reported by Colaneri and 
coworkers11,65.  
The EMI SE values of these highly conducting 
blends (~20 S/cm) were measured over a frequency 
range of 1 MHz to 3 GHz (Fig. 7(a)) and also 
 
Fig. 5 – (a) EMI SE of graphene/epoxy composites with various SPFG loadings as a function of frequency in the X-band. The 
graphene/epoxy composites exhibited SE~21 dB in the X-band for a 15 wt% loading. Reproduced from reference57, Copyright (2009) 
Elsevier, (b) EMI SE for f-G–PVDF composites in the X-band range, 8–12 GHz. Reproduced from reference58, Copyright (2009) 
Elsevier, (c) The specific EMI shielding efficiency of PEI/graphene nanocomposites and microcellular foams at 9.6 GHz and (d) the 
comparative of specific EMI shielding efficiency of our data with other reported results. Reproduced from reference94, Copyright (2013) 
American Chemical Society. 
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calculated theoretically (Fig. 7(b)) under both near 
and far field regimes. The far field SE of 70 dB was 
obtained for the melt blend of polyaniline (30 wt. %) 
with polyvinyl chloride or nylon which agreed well 
with the theoretical calculations as per expressions 
derived by authors.  
Later on Taka et al.61 prepared poly(3-octyl 
thiophene) composites by mixing chemically 
synthesized poly(3-octyl thiophene) PS, PVC, and 
EVA in the melt state using a Brabender mixer and 
tested for EMI shielding at frequency range from 100 
kHz to 1 GHz. EMI SE of the composites (3 mm 
thick) increased with the polymer loadings and 45 dB 
(from 100 kHz to 10 MHz) was achieved with a 
polymer loading of 20% in the PVC matrix, though it 
is still lower than that of a nickel coated sample (80 
dB). Pomposo et al.59 have prepared PPY based 
conducting hot melt adhesives by melt mixing 
appropriate amounts of ethylene-co-vinyl acetate 
(EVA) copolymer and PPY, Far field SE values of 22, 
and 30 dB were determined (in the 1 to 300 MHz 
frequency range) for PPY loadings of 15 and 25%, 
respectively.  
Wessling34 prepared highly conductive blends of 
PANI with PVC, PMMA or polyester at Ormecon 
Chemie, with conductivities of 20 S/cm and in some 
cases even up to 100 S/cm. These blends exhibited 
EMI SE of 40 to 75 dB for both near and far field 
conditions. However, mechanical properties were not 
encouraging and demanded considerable improvement.  
Wojkiewicz et al.35 have synthesized 
PANI/styrene-acrylonitrile (SAN) composites and 
measured their EMI SE in the frequency ranges of 50 
MHz to 1 GHz, 8.2–12.4 GHz and 30–110 GHz. The 
SAN composite with PANI (40% loading) exhibited 
SE of 50-70 dB (50 MHz to 1 GHz) and 60-70 dB 
(8.2–12.4 GHz). Joo & Epstein52 have demonstrated 
that electrical conductivity is not the sole scientific 
 
Fig. 6 – (a) EMI shielding efficiency of graphene-PMMA nanocomposite microcellular foams with different contents of graphene sheets 
and (b) the comparison of SEtotal, microwave absorption (SEA), and microwave reflection (SER) at 9 GHz. Reproduced from reference16, 
Copyright (2011) American Chemical Society. 
 
 
 
Fig. 7 – (a) Measured far field shielding effectiveness of PVC-ICP blend samples (S4, S10, S7 and S9) of different conductivities 
(S4: 7.45 S/cm, S10: 3.74 S/cm, S7: 0.98 S/cm and S9: 0.18 S/cm) compared to stainless steel (SS) filled ABS sample and (b) measured 
far-field shielding results (dots) are compared with the predictions of above samples (solid lines) Reproduced from reference11, Copyright 
(2011) IEEE. 
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criteria for exhibiting high shielding effectiveness and 
good attenuations were also extended by moderate 
conductors with good dielectric properties. It was 
demonstrated that shielding effectiveness increases 
with absolute value of complex dielectric permittivity.  
It is important to note that, for a given ICP–matrix 
system, the electrical properties of the resultant 
composites critically depend on loading level of filler 
and the involved processing technique4,9,13,44,59,63,64,73. 
The higher filler content leads to the enhancement of 
number of conducting links and improvement of inter-
particle charge transport (by tunneling or hopping 
phenomenon) resulting in improvement of electrical 
conductivity. Similarly, selection of proper processing 
technique helps in the improvement of dispersion of 
ICPs particles so that continuous conducting network 
can be achieved at relatively lower loading level. It is 
also worth pointing out that incorporation of ICP in 
polymeric matrices not only leads to establishment and 
improvement of electrical conductivity but also 
contribute towards improvement of dielectric 
properties2,9,13,18,44,63,109 (Fig. 8(a, b)). Such polarization 
and related relaxation phenomenon contribute towards 
energy storage and losses, respectively.  
Recently, it has also been shown that well-
dispersed ICPs (e.g., PANI nanoparticles within 
epoxy matrix) not only provide a continuous 
conducting network but also facilitate better charge 
delocalization leading to huge negative permittivity 
(Fig. 8(b)) which is a characteristic signature of left 
handed materials (LHM)9,63,109. Interestingly, though 
EMI shielding is closely related to electrical 
conductivity but the factors affecting EMI are more 
complex because they not only involve conduction 
(leading to ohmic losses) but also polarization 
phenomenon (due to presence of polarons/bipolarons, 
dipoles and filler-matrix interfacial polarization). For 
example, when PANI-DBSA NPs (filler) were added 
in the epoxy (matrix)63, both the conductivity and 
dipole density increased due to formation of 
conductive networks. But any excess addition of 
PANI-DBSA (i.e., beyond the percolation threshold 
of 28 wt % PANI-DBSA) did not benefit the electrical 
conduction, because of NP aggregation. However, it 
did result in more dipolar and interfacial polarization 
in the hybrid material. Therefore, 38 wt %  
PANI-DBSA/epoxy improved the EMI shielding 
efficiency (Fig. 8(c and d)) to ~30-60 dB (in 
 
Fig. 8 – Frequency dependence of the dielectric constant (ε′) for PANI-DBSA/epoxy hybrids prepared using the (a) blending and (b) 
absorption transferring processes. EMI shielding effectiveness toward electric fields plotted with respect to frequency (100 MHz-1 GHz) 
for PANI-DBSA/epoxy hybrids prepared using the (c) blending and (d) absorption-transferring processes. Reproduced from reference63, 
Copyright (2008) American Chemical Society. 
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100−1000 MHz range) without much enhancement of 
conductivity.  
When ICPs are combined with other conducting 
fillers, significant reduction in percolation threshold, 
higher conductivity and better shielding performance 
is observed as compared to pristine ICPs. This may be 
attributed to bridging of metallic islands of ICPs 
(granular metals) as well as better dispersion of  
ICP coated fillers within various host matrices.  
For example, PANI coated MWNT epoxy  
composites display improved microwave absorption 
response9,14,44,110,111. For many applications, e.g., radar 
absorbers shield should contain electric and/or 
magnetic dipoles that can interact with the 
orthogonally pulsating electric and magnetic fields of 
the incident EM radiation2,7,9,108,112. Combination of 
ICPs with various inorganic fillers with high 
permittivity or permeability (e.g., ferrites, titanates or 
other oxides) can give unique combination of 
properties like moderate electrical conductivity and 
good dielectric/magnetic properties so that superior 
shielding performance can be realized. Therefore, 
numerous attempts have also been made to introduce 
dielectric or fillers alongwith ICPs to obtain  
enhanced shielding response arising from balanced  
combination of ohmic, dielectric and magnetic 
losses4,9,10,17,18,31,66,67,70,110,113–115. The electric field loss 
is caused by the dielectric relaxation effect associated 
with permanent and induced molecular dipoles. As 
the frequency of incident EM wave increases 
(especially in the microwave region), dipole present 
in the system fails to maintain in-phase movement 
with rapidly pulsating electric vector. Such out-of-
phase movement of dipoles leads to molecular friction 
resulting in energy dissipation in the form of heat. In 
contrast, magnetic losses are related to permeability 
of the material and occur due to phenomenon such as 
hysteresis, eddy-currents, domain wall movement or 
ferromagnetic resonance. Therefore, microwave 
absorption is combined effect of dielectric and 
magnetic losses along with finite conductivity and 
matching thickness. For example, dielectric 
PANI/epoxy composites display only dielectric  
losses compared to hybrid PANI/Fe3O4/epoxy 
nanocomposites116, which display both dielectric as 
well magnetic losses (Fig. 9). 
It is worth mentioning that due to underlying 
dielectric and magnetic losses, materials with high 
permittivity and/or permeability are expected to 
display good microwave absorption1,8-10,23,47,56,57,61,66,103 
 
Fig. 9 – The PANI-PTSA (15%)/Fe3O4/epoxy resin hybrid composites frequency dependence of (a) real part of complex permittivity, (b) 
imaginary part of complex permittivity, (c) real part of complex permeability and (d) imaginary part of complex permeability.
Reproduced from reference116, Copyright (2012) Elsevier. 
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response, e.g., epoxy composite containing 15% of 
PANI and 10% of Fe3O4 (ε′ = 10) gives return loss of 
-42 dB (at 16.3 GHz) whereas composite of 15% of 
PANI and 25% of Fe3O4 (ε′ = 17) gives return loss of 
-37.4 dB (at 14.85 GHz). In comparison, a purely 
dielectric composite with 20% of PANI (ε′ = 8.5) 
show a minimum reflection coefficient of only -11 dB 
(at 18 GHz).  
 
4 Conclusions 
It is clear that conducting fillers like ICPs, CNTs and 
graphene present an attractive solution for realizing 
efficient EMI shielding materials. However, regardless 
of their outstanding properties and high aspect ratios, 
CNTs/graphene based composites have still not been 
able to touch the theoretically predicted/ultimate limits. 
In particular, problems involving uniform dispersion, 
prevention of agglomeration and improved interfacial 
interaction with host matrices must be addressed to 
realize their full technical potential for development of 
advanced nanocomposites for structural and EMI  
shielding applications. Similarly, despite of their facile 
processing, ability to accommodate dielectric/magnetic 
fillers and good compatibility with various matrices, 
ICPs possess drawbacks like low intrinsic conductivity 
(compared to metals/carbonaceous materials), high 
percolation threshold and poor mechanical reinforcing 
ability, which is a biggest hurdle in their use for making 
commercially viable EMI shielding materials. 
Nevertheless, to overcome the limitations of  
existing materials for realization state-of-the-art EMI 
shielding materials, complex methodologies are 
suggested including strategic combination of materials 
(conducting polymers, carbon based materials and 
dielectric/magnetic nano-fillers) as well as engineered 
designs including multilayered structures, multi-scale 
materials, foamed materials and/or their combination. 
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